CZTS thin films were fabricated through sputtering from a quaternary Cu-Zn-Sn-S target, followed by a sulfurization process. CZTS thin-film solar cells were also fabricated and a highest efficiency of 4.04% was achieved. It has been found that obvious Zn loss occurs during the sputtering and poorly crystallized CZTS are formed in the sputtered films. The Zn loss leads to the appearance of SnS. A sulfurization process can obviously improve the crystallinity of CZTS and films with grain size of several hundred nanometers can be obtained after sulfurization. The optical band gap of the films is estimated to be 1.57 eV. The electrical properties of the 4.04% efficient solar cell were investigated and it has been found that cell has obvious deficiency in minority carrier lifetime. This deficiency should be responsible for the low sc and low oc of our cell.
Introduction
Thin-film solar cells based on the inorganic semiconductor CIGSe have demonstrated brilliant photovoltaic properties and great efforts have been devoted to the research of CIGSe thin film solar cells in recent years. A record efficiency of 20.3% has been achieved for CIGSe-based solar cells [1] . However, the wide application of CIGSe solar cells seems to be hindered by the shortage of In and Ga. Against this background, quaternary compound Cu 2 ZnSnS 4 (CZTS) has attracted considerable attention as a promising candidate since it is totally composed of earth-abundant elements. CZTS has a crystal structure very similar to CIGS and also demonstrates good photovoltaic properties. It has a high absorption coefficient in the order of 10 4 cm −1 and a direct band gap of around 1.5 eV [2] [3] [4] , close to the optimal band gap for single-junction solar cells. The theoretical limit conversion efficiency of CZTS thin-film solar cells reaches 32.2% [5] .
Great efforts have been devoted to the fabrication of CZTS thin-film solar cells and various approaches have been developed, such as solution-based chemical synthesis methods [6] [7] [8] , electroplating [9] [10] [11] , sol-gel [12, 13] , pulsed laser deposition [14, 15] , evaporation [16, 17] , and sputtering [18] [19] [20] . Since S and Se are in the same main group, Cu 2 ZnSn(S,Se) 4 (CZTSS) is also classified as the CZTS family most of the time, although CZTSS and CZTS have different band gaps. A record efficiency of 11.1% has been achieved for CZTSS-based thin-film solar cells, through a solution-based chemical synthesis method [21] . The highest efficiency for pure CZTS-based thin-film solar cells reaches 8.4%, using an evaporation-based fabricating method [22] .
Taking the future industrial production into account, sputtering is considered a more promising method for CZTS preparation, since sputtering has obvious advantages in achieving uniform deposition on large areas, which is very important for industrial production of thin-film solar 2 International Journal of Photoenergy cells. For the sputtering methods, a typical process is a two-stage process, in which either metallic or S-containing precursors are firstly prepared through sputtering and then a sulfurization process is subsequently applied. Then, there can be three different categories, according to the type of targets used for precursor preparation. The first and most widely used category is sputtering from metallic targets, where metal or alloy targets are sputtered and metallic precursors are obtained [23, 24] . The second type is sputtering from S-containing targets, where binary ZnS, SnS, or Cu 2 S targets are used for precursor preparation [25] . The third category is direct sputtering from quaternary Cu-Zn-Sn-S targets [26] . Compared to the former two catalogs, better uniformity and much smoother surface can be expected using the third category for CZTS preparation. However, research work about fabricating CZTS films using quaternary targets is rare so far. A highest efficiency of 6.48% was achieved by Katagiri and Jimbo through rf magnetron sputtering from CZTS compound targets [27] . Seol et al. successfully fabricated CZTS films through rf magnetron sputtering from a ceramic CZTS target in 2003 [28] . Inamdar et al. fabricated CZTS films with band gap of 1.55 eV through rf magnetron sputtering from a CZTS target in 2012 [29] . He et al. investigated the effect of postsulfurization on the properties of CZTS films deposited by rf sputtering from a quaternary target in 2013 [30] . Generally, it can be found that in all of those reported works rf magnetron sputtering was frequently used for the sputtering, which might not be favored in industrial production since rf sputtering devices are expensive and radiative. In this paper, on the one hand, CZTS thin films were prepared from a quaternary Cu-Zn-Sn-S target through middle-frequency magnetron sputtering with a frequency of 40 kHz, instead of rf magnetron sputtering. On the other hand, CZTS thin-film solar cells were also fabricated. The details of the preparation and characterization results of the CZTS thin films as well as solar cells were reported.
Experimental
Quaternary Cu-Zn-Sn-S target with atomic ratios of Cu : Zn : Sn : S = 1.8 : 1.1 : 0.9 : 3.0 was fabricated through hot pressed sintering. Cu 2 S, ZnS, and SnS 2 powders were used. The purity of the target is higher than 99.99% and the size is 360 mm × 80 mm × 5 mm. The sputtering was carried out at room temperature using Ar as the working gas with a pressure of 0.7 Pa. The base pressure of the sputtering chamber is 3.0 × 10 −3 Pa and the substrate to target distance is 50 mm. Both glass and Mo-coated glass were utilized as the substrate. The sputtering power for the quaternary target is 250 W and the sputtering time is 2 h.
The as-deposited precursors were then sent to a quartz tube sulfurizing system for sulfurization. The tube was evacuated to a base pressure of 2.0 × 10 −3 Pa and then mixed gas of N 2 (60%, volume concentration) and H 2 S (40%, volume concentration) was filled into the tube until the pressure reached 0.05 MPa. Samples in the tube were heated to 550 ∘ C at a heating rate of 20 ∘ C/min and kept at this temperature for 10 min. Finally the samples were cooled down to room temperature naturally. Based on the obtained CZTS films, solar cells with a structure of Mo/CZTS/CdS/i-ZnO/AZO/Ni-Al grids were fabricated. Mo layer of about 1 m thick was prepared by dc sputtering. CdS layer of around 80 nm thick was prepared by chemical bath deposition. I-ZnO and AZO layers were deposited by middle-frequency magnetron sputtering. Ni-Al grids of around 200 nm thick were prepared by evaporation.
The microstructures of the films were examined by X-ray diffraction (XRD, DMAX 2500 V) using Cu K irradiation ( = 0.15418 nm), with an accelerating voltage of 40 kV. Raman scattering spectroscopy (Raman, RM 2000) was also used for microstructure analysis. The Raman detection was carried out at room temperature using 514.5 nm wavelength lasers as excitation source. The valence states of constituent elements of the films were characterized by X-ray photoelectron spectroscopy (XPS, 250 XI) with a monochromatic Al K (1486.6 eV) radiation source. The carbon 1s line corresponding to 285 eV was used for calibration of the binding energy. The surface and cross-section morphologies of the films were characterized by field emission scanning electron microscopy (FE-SEM, LEO-1530) at an accelerating voltage of 10 KV. The compositions of the films were analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, VISTA-MPX). The reflectance and transmittance spectra of the films were recorded by an UV-VIS-NIR spectrophotometer. The current-voltage characteristics of the solar cells were measured by a current-voltage testing device (Keithley 2000) using a solar simulator under AM 1.5 (100 mW/cm
2 ) illumination at room temperature. The quantum efficiency of the cells was recorded by a QT500 AD quantum efficiency testing system (crowtech Corp.) with a xenon light source and a monochromator with chopper frequency of 120 Hz. The time-resolved photoluminescence (TR-PL) measurement was performed on a finished cell using an Edinburg time-correlated single-photo counting system (F900), utilizing a 385 nm solid-state laser with a pulse width of around 3 ns and a repletion frequency of 40 kHZ as excitation source. Figure 1 depicts the XRD and Raman patterns of the sputtered films and sulfurized films. For the sputtered films, except for Mo (110) peak, the broad peaks located at 28.5 ∘ and 47.3 ∘ indicate that CZTS with poor crystallinity might have formed (according to JCPDS 26-0575), as shown in Figure 1 (a). Since the diffraction peaks of CZTS, Cu 2 SnS 3 , and ZnS phases are nearly the same, the actual phase corresponding to those two peaks cannot be identified as CZTS yet. Raman detection is needed for further confirmation. As shown in Figure 1(b) , the only detected peak is the peak at 330 cm −1 for the sputtered films. This peak cannot be ascribed to either ZnS or Cu 2 SnS 3 [31] . But the peak is also different from the typical main peak of CZTS, which often locates between 335 cm −1 and 338 cm −1 [32] [33] [34] . Peak at 330 cm −1 was rarely reported in research work about CZTS. Only Khare et al. mentioned that the Raman peak of the A 1 mode of primitive mixed Cu-Au (PCMA) structure CZTS locates at 299.25 cm −1 [35] . Among the three different CZTS structures (kesterite structure (KS), stannite structure (SS), and primitive mixed Cu-Au structure (PCMA)), the most reported one is kesterite structure (KS). The typical Raman peaks corresponding to KS CZTS usually appear between 335 cm −1 and 338 cm −1 . The PCMA structure is a metastable state in which the atoms are partially in order. Then, it might be speculated that the peak at 330 cm −1 should correspond to PCMA CZTS, since a disordered arrangement is very likely to exist for the room temperature sputtered films. For further identification, X-ray photoelectron spectroscopy was carried out to examine the valence states of Cu, Zn, Sn, and S in the sputtered films and the results are shown in Figure 2 . Peaks corresponding to Cu 2p, Zn 2p, Sn 3d, and S 2p can be observed in Figure 2 (a). In Figure 2 (b), the binding energies corresponding to Cu 2p 3/2 and Cu 2p 1/2 are 932.2 eV and 952.1 eV, respectively, indicating that copper is in Cu + state [36] . In Figure 2 (c), the binding energies corresponding to Zn 2p 3/2 and Zn 2p 1/2 are 1021.5 eV and 1044.4 eV, respectively, revealing that zinc is in Zn 2+ state [37] . In Figure 2 (d), peaks corresponding to Sn 3d 5/2 and Sn 3d 3/2 are 486.4 eV and 494.8 eV, respectively, suggesting that tin is in Sn 4+ state [38] . In Figure 2 (e), the binding energies for S 2p 3/2 and S 2p 1/2 are 161.5 eV and 162.6 eV, respectively, revealing that sulfur is in sulfide state [39] . Consequently, it can be conducted that the above speculation is confirmed as true and the peak at 330 cm −1 in the Raman patterns should be ascribed to CZTS.
Results and Discussion

Structural Characterization.
For the sulfurized films, except for Mo (110) peak, all of the rest diffraction peaks can be ascribed to CZTS, as denoted in Figure 1(a) . Those peaks indicate that CZTS films with good crystallinity can be obtained after a sulfurization process. In Figure 1(b) , peaks corresponding to kesterite CZTS appear at 286 cm −1 , 337 cm −1 , and 372 cm −1 , which are in good agreement with results reported elsewhere [40, 41] . However, a weak peak located at 160 cm −1 also appears in Figure 1 (b), indicating that tiny amount of SnS exists [42] . Yet no peak corresponding to SnS phase appears in the corresponding XRD patterns. This result suggests that the amount of SnS is too small that it does not reach the detection limit of XRD measurement. In CZTS thin-film solar cells, the existence of SnS is often not favored, since SnS has high conductivity and a low band gap of around 1.1 eV. Yet the reason for its appearance will be discussed later. Generally, it can be found that the sputtered films are mainly poorly crystallized CZTS and CZTS films with good crystallinity can be obtained after a sulfurization process. Yet tiny amount of SnS tends to exist in the films.
Compositional and Morphological Characterization.
The chemical composition ratios of the quaternary target, the sputtered films and the sulfurized films, are shown in Table 1 . It has been mentioned by many researchers that a chemical composition of Cu poor and slightly Zn rich is favorable for high-efficiency CZTS thin-film solar cells [43] . Naturally the target was initially designed as Cu rich and slight Zn rich here. However, the sputtered films were found to be Zn poor instead, as shown in Table 1 . To clearly elucidate the content changes of Cu, Zn, and Sn elements after the sputtering and sulfurization processes, the relative concentrations of Cu, Zn, and Sn excluding S were also calculated and shown in Table 1 . It can be seen that obvious Zn loss occurs during the sputtering. Such Zn loss should result from the evaporation of Zn during sputtering, since Zn has a rather high saturation pressure and a sublimation of Zn is likely to happen under frequent bombardment of Ar + toward the target. As a result, both the sputtered films, and sulfurized films become Zn poor. Such Zn shortage just results in Sn excess and consequently results in the appearance of SnS, as confirmed in above analysis. As for the sulfurization process, Table 1 reveals that the relative concentrations of Cu, Zn, and Sn excluding S are nearly the same as those in the sputtered films, indicating that element loss has not occured during sulfurization. Just as we expected, the S content in the films increases after the sulfurization and a S/(Cu + Zn + Sn) ratio of approaching 1.0 can be achieved. The surface and cross-section morphologies of the sputtered and sulfurized films were shown in Figure 3 . In the sputtered films, the grain sizes are only several nanometers. Small grain size is often not favored in CZTS films since small grain sizes means that many grain boundaries exist and the recombination through grain boundaries can be severe. Yet, after the sulfurization process, the crystallinity can be obviously improved and CZTS grains with size of several hundred nanometers can be observed. The grains are densely packed and the surface is smooth. Such change once again suggests that a sulfurization process is quite necessary in the preparation of CZTS thin films, not only for the increase of S content, but also for the improvement of film crystallinity. the transmittance ( ) and reflectance ( ), the absorption coefficient ( ) of the films can be obtained using the following equation [44] :
where is the reflectance, is the transmittance, and is the thickness of the film. Based on the calculated , the band gap of the films can be estimated using the following equation:
where is a constant and is 2 for direct band gap materials and 1/2 for indirect band gap materials. Then, can be determined by extrapolating the linear ( ℎ]) 2 versus ℎ] plots to ( ℎ]) 2 = 0. Accordingly, the band gap of the obtained CZTS films in this paper is estimated to be 1.57 eV, as depicted in Figure 4 . This value is in good agreement with results reported elsewhere [44, 45] .
Solar Cell Characterization.
Based on the obtained CZTS thin films, CZTS thin-film solar cells with a structure of Mo/CZTS/CdS/i-ZnO/AZO/Ni-Al grids were fabricated. The efficiency results of obtained solar cells were depicted in Table 2 . The different cell areas in Table 2 derive from manual scribing of the cells, instead of mechanical scribing. It can be seen that the achieved efficiencies are in the range of 3%-4% and the highest efficiency is 4.04%. Although the cells were prepared following the same process, the efficiencies were not totally the same. This should be related to the nonuniformity caused by the sulfurization process since an accurate control of the H 2 S flow in the quartz tube is not achieved yet and the exact H 2 S concentrations on top of each tiny area might not be totally the same. I-V curve of the 4.04% solar cell is shown in Figure 5 . Yet, this efficiency is still lower than the highest efficiency of 8. Table 3 . It can be seen that our cell has obvious deficiencies in sc (∼26% lower), followed by fill factor (∼22% lower) and oc (∼17% lower), where the numbers in parentheses indicate percentage shortage compared with the 8.4% efficient cells. The fill factor of a single-junction solar cell is often dependent on the diode quality factor , the reverse saturation current 0 , the series resistance , and parallel resistance . The data in Table 3 reveals that the low fill factor of our cell should be derived from the high series resistance and low parallel resistance, since in most high-efficiency CZTS or CIGS solar cells a series resistance of less than 1 Ω⋅cm 2 and a parallel resistance of over 10
3 Ω⋅cm 2 are expected [46] .
The causes for the high and low can vary. Bad electrode contacting or poor carrier transportation in the absorber layers can result in high . The existence of pinholes or conductive phases can result in low . In the above analysis, binary SnS is found to coexist in CZTS films. The existence of SnS is probably the main cause for the low of our cells here, since SnS is a highly conductive phase. Except for FF, a lower oc is also observed for our cell. oc can be decided by the CZTS band gap, the sc , and 0 . In Table 3 , the band gap of our CZTS films is higher than that of the 8.4% efficient solar cell, but the oc is still low. This is probably related to the low sc . As mentioned above, the sc of our cell is 26% lower than that of the 8.4% efficient cell. To clearly elucidate the cause for the lowered sc , the EQE (External Quantum Efficiency) curve of the 4.04% efficient solar cells was obtained and shown in Figure 6 . The highest quantum efficiency is ∼70% at wavelengths higher than 550 nm (the wavelength corresponding to the band gap of CdS) for our cell. But for the 8.4% efficient solar cells the corresponding efficiency is ∼90%. This obvious difference naturally leads to the lowered sc and oc for our cell. Low quantum efficiency means that the quantity of collected photogenerated carriers is not kept at a high level. The recombination of holes and electrons in the films should often be responsible for low quantum efficiency. To check out whether severe recombination exists, the minority carrier lifetime of the solar cell was measured using TR-PL measurement device and the results are shown in Figure 7 . The detection limit of the TR-PL device is 1 ns. As shown in the figure, a broad luminescent peak appears near 800 nm, corresponding to a band gap of around 1.5 eV, which agrees well with the optical measurement results. However, in the TR-PL spectra, the detected time-related luminescent spectra are almost the same as the background laser pulse spectra, which indicates that the minority carrier life time is too short that the detected curve almost overlaps with the excitation laser pulse curve. To get the exact value of minority carrier lifetime, fs laser-equipped TR-PL measurement device is needed. But unfortunately we have not found such device yet. But at least the results in Figure 7 suggest that the minority carrier life time of our solar cell should be less than 1 ns while for the 8.4% efficient cell it reaches 7.8 ns. Such a low minority carrier life time clearly reveals that severe recombination should exist in our cells and such recombination should be the main cause for the lowered quantum efficiency, as well as lowered sc and lowered oc . Yet the actual recombination mechanism that occurred in the films needs to be explored in future work.
Conclusion
CZTS thin films were fabricated through sputtering from a quaternary Cu-Zn-Sn-S target, followed by a sulfurization process. CZTS thin film solar cells were also fabricated and a highest conversion efficiency of 4.04% has been achieved. It has been found that obvious Zn loss occurs during the sputtering process and poorly crystallized CZTS are obtained after the sputtering. The Zn loss makes the film Zn poor and leads to the appearance of SnS. A sulfurization process can obviously improve the crystallinity of CZTS and increase the S content in the films. CZTS films with grain size of several hundred nanometers can be obtained after sulfurization. The optical band gap of the sulfurized films is estimated to be 1.57 eV. The electrical properties of the 4.04% efficient solar cell are investigated and a comparison between this cell and the cell with 8.4% efficiency is made. It has been found that our cell has obvious deficiency in minority carrier lifetime. This deficiency should be responsible for the low sc and low oc as well as a relatively low efficiency for our cell.
